Chymotrypsinogen is widely present in various animal pancreases. To study evolutionary relationship of chymotrypsinogen gene in species, we used a cDNA probe of human prechymotrypsinogen to investigate the species distribution of chymotrypsinogen gene, and designed oligodeoxynucleotide primers to investigate the genomic organization in the three domains of active sites. The genomic analyses showed that chymotrypsinogen gene is evolutionary conserved in species. On the basis of the deduced amino acid residues, a three-dimensional model for human chymotrypsinogen was further built by computer graphics. The model showed high similarity to the X-ray crystal structure of bovine chymotrypsinogen A, thus, demonstrated that the three-dimensional structure is more conserved in evolution than protein sequences.
INTRODUCTION
Chymotrypsin [EC 3.4.21 .1] is a digestive enzyme that hydrolyzes proteins in the small intestine. Its inactive precursor, chymotrypsinogen, is synthesized in the acinar cell of pancreas. When the cell is stimulated by a hormonal signal or a nerve impulse, the zymogen is secreted into the duodenum and is activated by tryptic cleavage. Chymotrypsinogen has been studied extensively at protein and enzyme levels in mammals, especially in the preparation from bovine. The threedimensional structure of bovine chymotrypsinogen has been determined by X-ray crystallographic methods (Cohen et al., 1981; Wang et al., 1985) . The phylogenetic differences of chymotrypsin(ogen) have been observed in a number of diverse species (Neurath et al., 1967; Bhargava and Barnard, 1973; Ha6n et al., 1975) . However, there is little information concerned its genetics at gene level.
Chymotrypsinogen cDNAs for canines (Pinsky et al., 1983) , rat (Bell et al., 1984) , and human (Tomita et al., 1989) have been cloned, their nucleotide sequences and the deduced amino acid residues have been determined. Recently, we have cloned a genomic gene for human chymotrypsinogen and mapped this gene in human chromosome 16q23 (Hou et al., 1993) . In the present study, we describe the evolutionary conservation of chymotrypsinogen gene in species by (1) investigating the species distribution of chymotrypsinogen gene, (2) investigating the genomic organization in the three domains of active sites, and (3) building a threedimensional model for human chymotrypsinogen.
MATERIALS AND METHODS
Extraction of DNA and Southern blot analysis. DNA from human CGM-1 was extracted from cultured cells, and DNAs of bovine and chicken (Gifu native fowl) were extracted from normal male blood as described previously (Maniatis et al., 1989) . High-molecular-weight DNAs were digested with 5 units of EcoRI restriction enzyme per microgram of DNA, as recommended by the manufacturer. Aliquots of 13 ~g of each digested DNA were fractionated by electrophoresis in a 0.8 ~ agarose gel and transferred to a nylon membrane. The human prechymotrypsinogen cDNA containing the entire protein-coding sequences (Tomita et al., 1989) was radiolabeled with [a-~2P]dCTP by the random primer labeling method (Feinberg and Vogelstein, 1983) , and then hybridized to the membrane overnight at 65~ in 6 x SSC, 5 x Denhardt's, 10~ dextran sulfate, 1 ~ SDS, plus 100 ~g/ml sonicated salmon sperm DNA as described elsewhere (Maniatis et al., 1989) . After hybridization, the membrane was washed once in 2x SSC at room temperature and twice in 0.1 x SSC and 0.1 ~o SDS at 65~ for 15 min each, and then exposed to Kodak XAR-5 film with an intensifying screen.
Primer synthesis and PCR analysis. Six sets of oligodeoxynucleotide primers spaced at intervals along the human prechymotrypsinogen cDNA were synthesized with an Applied Biosystems 380B DNA Synthesizer and subsequently purified by OPC column. The PCR primers are shown as follows:
No. Primer pair (forward/reverse) Product (bp)
The template DNAs for PCR (PCRable-mammalian DNA, Lot 51) were purchased from Bios Inc. The PCR reactions were performed on a GeneAmp PCR System 9600 (Perkin-Elmer-Cetus), and the PCR reaction mixture contained 10 mM Tris-HC1 (pH 8.3), 50 mM KC1, 1.5 mM MgCI~, 0.01 ~ gelatin, 200 yM each dNTP, 100 ng each primer, and 2.5 U of Taq polymerase (Perkin-Elmer) in a volume of 50 ~1. After DNA was denatured at 94~ for 2 rain, 35 cycles of PCR were performed, each cycle consisting of a 20-s denaturation at 94~ a 20-s annealing at 65~ and 30-s extension at 72~
Final extension was carried out at 72~ for 5 rain. Five microliter of amplified DNA was electrophoresed in a 3 agarose gel in 1 x TAE buffer.
Protein modeling. A three-dimensional model for human chymotrypsinogen was built by computer graphics based on X-ray crystal structure of bovine chymotrypsinogen A and the deduced amino acid residues of human chymotrypsinogen cDNA. Computer modeling processes were performed on an Iris-4D graphics system by Silicon Graphics using the SYBYL molecular modeling software from Tripos Associates Inc. The atomic-coordinate's datafile of the bovine chymotrypsinogen A, access code 2CGA, was obtained from the Brookhaven Data Bank (Bernstein et al., 1977) . The three-dimensional structure of bovine chymotrypsinogen A was used as a template, and the amino acid residues were substituted by corresponding residues of human chymotrypsinogen that were obtained from the deduced amino acids of cDNA (Tomita et al., 1989) . Because substitution of residues will often result in bad contacts among the atoms of the side chains, we first relaxed the bad geometry in the side chain ring of the proline residues, and then relaxed the side chains of other amino acid residues using FIX SIDECHAINS routine in SYBYL. After these processes were finished, an initial model was built for the human chymotrypsinogen. To adjust bond lengths and angles to be more optimal values, the initial model was subjected to stereochemical regularization by use of the SHAKE procedure (Haneef et al., 1989) . After loading charge and adding hydrogen atoms, the initial model was subjected to energy minimization with the procedure MAXIMIM2 until the gradient RMS (root mean square) deviation value and displacement RMS value of all atoms were less than 0.05 kcal/(mol~ A) and 0.001 A, respectively. Thus, the final model could be built for human chymotrypsinogen.
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RESULTS AND DISCUSSION

Species distribution of chymotrypsinogen gene
Chymotrypsinogen is widely present in various animal pancreases. To determine the present form of chymotrypsinogen gene in species, Southern blot analysis was performed on EcoRI-digested genomic DNAs from human, bovine, chicken and rat with a cDNA probe of human prechymotrypsinogen. As shown in Fig.  1 , human (lane 1) and bovine (lane 2) DNAs had two hybridizing EcoRI-fragments while chicken (lane 3) and rat (lane 4) DNAs had a single well-conserved fragment. Our previous studies have identified that the 10-kb EcoRI fragment from human genome encoded chymotrypsinogen gene while the 14-kb fragment appeared to be a duplication gene of chymotrypsinogen (Hou et al., 1993) . This duplication of chymotrypsinogen gene is most likely related to multiple forms of chymotrypsinogen present in the species because two chymotrypsinogens have been isolated from human (major and minor types, Caro et al., 1975) and bovine pancreases (A and B types, Wilcox, 1970) while only one chymotrypsinogen has been isolated from chicken (Ryan et al., 1965) and rat pancreases (Bell et al., 1984) . Chymotrypsin(ogen) is widely distributed in various species, from vertebrates to invertebrates. Although zoo blot analysis from other species was not performed because of limited DNA sources, chymotrypsinogen gene would be conserved with corresponding forms, e.g., by gene duplication.
Evolutionary conservation of the gene sequences for three active-sites
The catalytic activity of chymotrypsin depends on a serine (Ser-195)-histidine (His-57)-aspartate (Asp-102) triad. The comparisons of amino acid sequences indicated that these three domains have different percentage of identity (from 75 to 9 6~) between human, bovine, canine, and rat. Furthermore, it has been reported that these three domains were encoded by separated exons (exons 3, 5, and 7, respectively) in rat genome. These results prompted us to investigate their genomic variability by PCR. Six oligodeoxynucleotide primer sets (see MATERIALS AND METHODS and Fig. 2A ), guided in part by the known exon-intron structure of the rat chymotrypsin B gene (Bell et al., 1984) , were designed. As shown in Fig. 2B , the primer set I (flanking the active-site His-57) detected a 80 bp band from To confirm these results, we further used another PCR primer set (IV, V, and VI) in each of the three domains. Their PCR products showed the same patterns in above seven species (Fig. 2B, bottom) . It is known that these three domains were encoded by separated exons, and the sequence homology of the domain I (92-95 ~) was higher than that of domains II (79-85 ~) and III (78-82 ~) between human, dog, and rat. Thus, the species that displayed no PCR products with these primers would have different genomic structure in these three domains with human. Of course, genomic sequencing will be necessary to investigate their genomic variability in detail. Novelly, the primer set III was designed by starting from 3'-coding region of the human cDNA, and it showed specific amplification to human DNA. Thus, this primer set could be used as a sequence tagged site (STS) to detect human chymotrypsinogen gene (Hou et al., 1993) .
A conserved three-dimensional model structure .for human chymotrypsinogen Evolutionary conservation of a gene can also be observed in its protein product. Many studies have reported that the primary structure of chymotrypsinogen also shows evolutionary conservation among species (Neurath et al., 1967; Bhargava and Barnard, 1973; Ha6n et al., 1975) . Recently, computer graphics techniques have been developed to build three-dimensional model and to investigate the structural evolution of proteins (Chothia and Lesk, 1986; Haneef et al., 1989) . The three-dimensional structure of bovine chymotrypsinogen A should be an appropriate template to build three-dimensional model of human chymotrypsinogen because they showed 82 ~ identity of amino acid sequences, the important residues for function and structure of the protein are well conserved (e.g., three active-sites of His-57, , and no deletions occur in the amino acid sequences (data reviewed but not shown). Here, we built a three-dimensional model for human chymotrypsinogen, based on X-ray crystal structure of bovine chymotrypsinogen A (Wang et aL, 1985) as a template, by computer graphics and energy minimization techniques. The stereoview of the optimally superimposed Ca traces of human (cyan line) and bovine chymotrypsinogen A (red line) is shown in Fig. 3 . The three-dimensional model of human chymotrypsinogen shows high similarity to that of bovine chymotrypsinogen A because all of the intrachain disulfides and ten cysteines that contribute to establish the tertiary structure of the protein are fully conserved: Some differences are also observed in the surface of the model between human and bovine, and they are due to substitution of some residues, e.g., substitution of nine serine residues of bovine chymotrypsinogen A by other amino acid residues, and eight non-basic residues by basic residues. Furthermore, the three residues of active-sites are forming a catalytic triad (Fig. 4) , which is very similar to that of bovine chymotrypsinogen A. The RMS (root mean square) deviation for all of main-chain atoms was very small, only 0.92 A, between bovine and human. Thus, these results also demonstrate that the three-dimensional structure is more conserved in evolution than protein sequences (Chothia and Lesk, 1986) . Regarding the relationship between structure and function of human chymotrypsinogen will be discussed in detail by another paper.
